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Anodic stripping voltammetry (ASV)a b s t r a c t
In this paper, a vibrating boron-doped diamond (BDD) electrode electroanalytical device and respective
method for the analysis of ultralow concentrations of Cd(II) in water were studied. The enhanced mass
transfer on the electrode surface was studied using Ru(NH3)6Cl3. Vibration with 133 Hz frequency
enhanced the Ru(III) to Ru(II) reduction by 92.6% compared to a static electrode. The peak current of the
anodic stripping voltammetry (ASV) method employed was increased by a factor of 5.3 and 4.7 for 10 and
30 mg L1 Cd(II) concentrations, respectively, when a frequency of 200 Hz was used. A calibration plot
with two linear regions was resolved between 0.01 and 1 mg L1 and 1e30 mg L1 with the LOD and LOQ
of 0.04 mg L1 and 0.12 mg L1, respectively. The applicability of the device and the respective method in
the analysis of real environmental samples was successfully verified by analysis of river samples and
comparing the results with the ICP analysis presenting high reproducibility and trueness. According to
the results of this research, the vibrating BDD electrode with the ASV method has excellent analytical
performance without surface modification or regular replacement or polishing of the electrode surface.
Combining the exceptional electrochemical and chemical properties of BDD with enhanced mass transfer
and signal strength of vibrating electrodes makes the system especially suitable for on-site and online
analysis of heavy metals.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).ngineering and Analytical Chemistry, University of Barcelona, Martí i Franques 1-11, 08028, Barcelona, Spain.
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A. Morris, N. Serrano, J.M. Díaz-Cruz et al. Analytica Chimica Acta 1188 (2021) 3391661. Introduction taking advantage of both the BDD exceptional material propertiesFig. 1. Raman spectra of Element 6 BDD with diamond sp3 and graphitic sp2 areas
identified. Fano interference appears in highly boron-doped diamond electrodes.Excess exposure to heavy metal ions, including Pb(II), Cd(II), and
Hg(II), has health effects on people and fauna [1,2]. In many areas of
the world, these metals exist naturally in water through natural
processes. However, heavy metal pollution is also caused by in-
dustrial activities, such as mining and chemical production. Heavy
metals can induce various health concerns including cancer,
neurological, cardiovascular, and development issues [1,3,4]. Usu-
ally, exposure to heavy metals is controlled in high-income coun-
tries through water treatment processes and monitoring of water
quality but in developing countries, exposure to heavy metals is a
common cause of health issues. In this regard, WHO has set
guideline values for the heavy metal concentrations in drinking
water including Cd(II) 3 mg L1, Pb(II) 10 mg L1, and Hg(II) 6 mg L1
(inorganic mercury).
Heavy metals in water are typically analysed by collecting a
sample and analysing it in a laboratory using AAS or ICP-MS.
However, these techniques cannot be used for on-site or online
monitoring. Frequent monitoring with other techniques is benefi-
cial when heavy metal concentration varies due to industrial dis-
charges or seasonal effects, such as rainfall. Electrochemical
techniques are suitable for low-cost on-site and online analysis of
various water pollutants, including heavy metals. The most
commonly used electroanalytical techniques are voltammetric
[5e7] and potentiometric methods [8,9].
Historically, mercury drop electrodes were most commonly
used for heavy metal analysis but alternative materials, such as
bismuth, antimony and diamond materials, have been researched
due to the toxicity and environmental issues of mercury [5]. Among
them, boron-doped diamond (BDD) has several favourable prop-
erties compared to other electrodematerials, such as awide solvent
window, chemical stability in challenging environments, mechan-
ically robust, and reduced fouling [10e13]. Due to its exceptional
electrochemical properties, BDD has been widely used in the vol-
tammetric analysis of various analytes since the use of mercury
electrodes is not recommended. When used as electrode material
in anodic stripping voltammetry (ASV) it has been shown to be a
suitable alternative to mercury in the heavymetal analysis of Cd(II),
Pb(II), Hg(II), Cu(II) [14e17]. It has been generally shown that BDD is
comparable to mercury electrodes when doping level, non-
diamond carbon proportion, surface termination, and crystal size
are suitable for electroanalytical applications.
On the other hand, mass transfer of the deposition step of
stripping voltammetry can be enhanced by vibrating the electrode
surface [18e21]. Commonly vibration has been combinedwith gold
microelectrodes. In this regard, Chapman and van der Berg used
vibrating gold microelectrodes for ASV analysis of Cu(II) [20]. It has
been demonstrated that by vibrating the microwire, the sensitivity
was enhanced by 3e4 times compared to a standard rotatory stir-
rer. Alves et al. developed a method for simultaneous determina-
tion of As(V), Cu(II), Pb(II), and Hg(II) with DPASV on a vibrating
gold microwire electrode [18]. The vibration of the electrode
improved the sensitivity and reproducibility of the results. Detec-
tion limits (LODs) of the metals were in the range of nmol L1.
However, it is well known that there is a gradual change of gold
electrode surface when the electrode is used for continuous mea-
surements and, hence, surface renewal is required by the applica-
tion of extreme oxidation or reduction potentials, the use of
cleaning solutions and/or the polishing of the surface [22]. To the
best of our knowledge, no literature exists regarding the combi-
nation of vibration with BDD, which will be one of the important
goals of the present work.
Thus, in this research, a vibrating BDD electrode was developed2
for electroanalytical measurements and the enhancement of the
mass transfer during the deposition step of ASV provided by the
vibrating motor. The developed vibrating BDD electrode was
microscopically and analytically described, and applied for the
voltametric determination of Cd(II) in river water samples.
2. Experimental section
2.1. Materials and reagents
The polycrystalline boron-doped diamond (BDD) electrode was
purchased from Element 6, Ltd. (10  10 mm, Electrochemical
Grade, Japan) and has a trace of non-diamond carbon (NDC) ac-
cording to Raman spectra (RENISHAW inVia, England) as shown in
Fig. 1, typical boron doping concentration of 2e6  1020 boron
atoms cm3 and resistivity of 0.2e1.8  103 U m. Cadmium
Standard for ICP (1000 mg L1 in 2% nitric acid), glacial acetic acid,
sulfuric acid, potassium nitrate and reagent grade sodium hy-
droxide were purchased from Merck (Germany). Sodium acetate
trihydrate (min. assay 99.0%) was purchased from VWR Interna-
tional (USA). Milli-Q water (electrical resistivity 18.2 MU cm at
25 C) was collected from a Synergy®UVWater Purification System
(USA) and used to prepare all solutions in this work.
Cyclic voltammetry (CV) was conducted with the vibrating BDD
electrode in a solution of 2 mol L1 hexaamineruthenium(III)
chloride (Ru(NH3)6Cl3) in 1 mol L1 potassium nitrate. 0.2 mol L1
acetate buffer with pH 4.5 was prepared and used as the back-
ground solution in square-wave anodic stripping voltammetry
(SWASV) experiments in order to control the pH. Stock solutions
were prepared from ICP cadmium standards and acetate buffer.
The river water was collected from Merri Creek (Victoria,
Australia) for Cd(II) analysis using the standard addition method.
ICP-MS analysis was conducted using a Varian 7700 (USA) to
determine the Cd(II), Cu(II) and Pb(II) concentrations. The river
water constituent concentrations were 0.03 mg L1 Cd(II), 4 mg L1
Cu(II) and 0.6 mg L1 for Pb(II). As the Cd(II) concentration deter-
mined was less than the LOD obtained for the vibrating BDD elec-
trode, the river water sample was spiked with Cd(II) prior to
standard addition measurements. ICP-MS on three spiked river
water samples confirmed an average total Cd(II) concentration of
0.14 mg L1 and a standard deviation of 0.1 mg L1.
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The design of the vibrating BDD electrode comprises a compo-
nent containing the BDD electrode and a separate component for
the vibrating motor which allows for interchangeability should a
component fail. These components, made from polycarbonate,
were connected to form the sensing device. The components were
designed in SolidWorks 2019 and manufactured using a CNC mill-
ing machine by Arptech, Pty. Ltd. The design of the vibrating
sensing device and the experimental setup is illustrated in Fig. 2.
The geometric area of the BDD surface exposed to the solution was
0.48 cm2. The BDD surface was cleaned by rinsing with ethanol and
Milli-Q water, then left to dry before being inserted and glued into
the polycarbonate component with epoxy resin (EpoFix Resin,
Struers, Inc.). Once dry, hook-up wire (0.33 mm2 cross-sectional
area, RS Components, Inc., UK) was attached to the back-side of
the BDD electrode by conductive silver adhesive epoxy (RS
186e3616, RS Components, Inc., UK) and air-dried. Epoxy resinwas
again used to seal the mould. Similarly, the vibrating motor was
placed inside the polycarbonate component and epoxy resin was
used to seal the mould.
2.3. Voltammetric measurements
A PalmSens4 potentiostat was used for all electrochemical
measurements running PSTrace software (version 5, PalmSens). A
conventional three-electrode cell configuration was used and all
measurements were conducted at room temperature without
deaeration. The vibrating BDD electrode, a platinum coated tita-
nium rod (5 mm diameter, 50 mm length, NMT Electrodes Pty Ltd,
Australia) and Ag/AgCl (sat KCl, Koslow Scientific, USA) were used
as the working, counter and reference electrodes, respectively. All
electrochemical measurements were conducted in a standard
250 mL borosilicate glass beaker at room temperature. A cylindrical
DC vibration motor (maximum frequency 200 Hz at 3 V,
8.8  25 mm, Jinlong Machinery & Electronic Co., Ltd., China) and a
bench power supply (EL302R bench power supply, Aim-TTi, UK)
was used to control the vibrating BDD working electrode.
To ensure reproducibility of results at low Cd(II) concentration,
the BDD electrode surface was cleaned between measurements.
This was achieved by rinsing the BDD electrode with Milli-Q water,
then conducting CV in 0.1 M sulfuric acid for 20 scans between 0.2
and 1.0 V at a scan rate of 50 mV s1.Fig. 2. Photos depicting the vibrating BDD electrode and components: a) BDD elec-
trode and motor as two components; b) vibrating BDD electrode assembled; c) sche-
matic depicting experimental setup.
3
CV was used to determine the effect of the vibration and the
scan rate on the current response of the vibrating BDD electrode. CV
was conducted in 0.2 mM Ru(NH3)6Cl3 in 1 mol L1 KNO3 solution
between 1.0 V and 0.6 V with a start potential of 0 V vs. OCP. A
scan rate of 25 mV s1 was used when motor vibration frequencies
were varied, and 100 Hz vibration frequency was used when the
scan rate was varied.
The SWASV parameters were optimised in acetate buffer solu-
tions for Cd(II) concentrations of 1 mg L1 and 10 mg L1. The
selected parameters were: conditioning potential (Econd) of 0.5 V
applied during a conditioning time (tcond) of 45 s, deposition po-
tential (Ed) of 1.3 V, deposition time (td) of 300 s, equilibration
time of 10 s, potential range of 1.3 Ve0 V, with frequency (n) of
30 Hz, modulation amplitude (ESW) of 50 mV and step potential of
8 mV.
The linear calibration plots for Cd(II) determination by SWASV
on vibrating BDD electrodewere performed by increasing the Cd(II)
concentration in a 0.2 mol L1 acetate buffer solution (pH 4.5).
For Cd(II) determination in real water samples, 0.2 mol L1 ac-
etate buffer solution was added to a volume of Cd(II) spiked river
water sample to ensure a pH value of 4.5 (dilution factor 1/2) before
SWASVmeasurements. The standard addition method was used for
calibration by successively adding four aliquots containing Cd(II)
standard solution.
3. Results and discussion
3.1. Cyclic voltammetry with standard redox couples
Mass transfer rate at the vibrating electrodes is known to be
enhanced compared to static electrodes. Gomaa et al. have shown
that the amplitude and frequency of the vibration affect the mass
transfer and up to 23-fold enhancement of the mass transfer can be
obtained [23]. In this paper, the mass transfer enhancement was
studied by CV in hexaammineruthenium(III) chloride solutions in
varied vibration frequencies and scan rates.
Ru3þ reduction on the BDD electrode was initially measured on
a stationary electrode with varying scan rates (Fig. 3a). Peak-peak-
peak separation was 90 mV at the scan rate of 25 mV s1 and no
significant peak shift was observed indicating close to ideal elec-
tron transfer kinetics. Increasing vibration frequency transforms
the cyclic voltammogram from a typical shape with two distin-
guishable peaks to one with enhanced mass transfer and limiting
current similar to obtained on a rotating disc electrode. The current
density at 1 V vs. Ag/AgCl (sat) increases from 95 mA cm2 to
183 mA cm2 when the frequency is increased from 0 Hz to 133 Hz
(Fig. 3b). This is due to the enhancedmass transfer of the Ru2þ/Ru3þ
redox species on the electrode surface. Enhanced mass transfer is
beneficial for metal deposition during the cathodic deposition stage
of SWASV. 200 Hz frequency is not shown in the figure due to noisy
data. However, 200 Hz was applicable in the analytical method
because the noise was averaged over the whole deposition time
and did not affect the performance of the system as is shown in the
statistical analysis of this paper.
3.2. Analytical performance evaluation
The effects of deposition settings and SWASV parameters on the
voltammetric response on the vibrating BDD electrode were
assessed by conducting SWASV in solutions containing 1 and
10 mg L1. The deposition potential (Ed) was studied between 0.9
and 1.3 V, and the deposition time (td) between 120 and 300 s. As
for the square wave scans, the frequency (n) was studied between
10 and 75 Hz and the potential amplitude (ESW) between 10 and
80mV. First Ed was optimised, with1.3 V leading to themaximum
Fig. 3. CV with vibrating BDD electrode in 0.2 mmol L1 Ru(NH3)Cl3 in 1 mol L1 KNO3 solution: a) scan rate varied between 25 e 200 mV s1 with vibration frequency 100 Hz; b)
vibration frequency varied between 0 e 133 Hz with 25 mV s1 scan rate.
Fig. 5. a) SWASV measurements for calibration of Cd(II) in 0.2 mol L1 acetate buffer at
pH 4.5 using a vibrating BDD electrode at Ed ¼ 1.3 V vs. Ag/AgCl and td ¼ 300 s with
200 Hz vibration frequency. Two types of peak responses can be observed: flat and
broad (blue), and sharp and narrow (black). b) calibration curves obtained for Cd(II)
concentration between 0.01 and 30 mg L1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
A. Morris, N. Serrano, J.M. Díaz-Cruz et al. Analytica Chimica Acta 1188 (2021) 339166peak height which was selected for further optimisation experi-
ments. A td of 300 s was selected as this led to the greatest peak
height while remaining within an acceptable analysis time. Finally,
n of 30 Hz and ESW of 50 mV were selected as suitable SWASV
parameters. A 200 Hz motor vibration frequency was used to
significantly enhance the mass diffusion of Cd(II) metal ions to the
BDD surface. The effect of vibration on the current response is
illustrated in Fig. 4, where the SWASV response for no vibration
(blue line) and at 200 Hz (black line) is displayed at 10 mg L1. It was
observed that the peak current was increased by a factor of 5.3. The
increase in the peak current of the vibrating electrode clearly cre-
ates effective stirring at the BDD electrode surface as a result of the
high-frequency vibrations that significantly enhance mass
transport.
Calibration of the vibrating BDD electrode for Cd(II) metal ion
detection was performed in triplicate with the sensing device
electrochemically cleaned in sulfuric acid solution between mea-
surements to ensure measurement accuracy, especially at ultra-low
Cd(II) concentrations. Calibration plots were obtained for Cd(II)
concentrations ranging from 0.01 to 30 mg L1 using the optimised
settings in 0.2 mol L1 acetate buffer solution at pH 4.5. Repre-
sentative SWASV measurements and the corresponding calibration
plot is shown in Fig. 5a and Fig. 5b, respectively. From the calibra-
tion plot, two linear regions with two types of peak responses canFig. 4. SWASV measurement with 200 Hz vibration frequency (black line) and without
vibration (blue line) at 10 mg L1 Cd(II) concentration in 0.2 mol L1 acetate buffer pH
4.5 using Ed ¼ 1.3 V vs. Ag/AgCl and td ¼ 300 s.
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be resolved between 0.01 and 1 mg L1 (flat and broad peaks) and
1e30 mg L1 (sharp and narrow peaks). We hypothesise that this
different type of peak response could be attributed to the fact that
at low Cd(II) concentrations (blue peaks) the interactions between
the reduced metal and the BDD surface are stronger than those that
take place at higher Cd(II) concentrations (black peaks) when the
BDD surface is coated with a considerable amount of metallic
atoms.Table 1
Analytical performance of Cd(II) detection by SWASV using a vibrating BDD elec-
trode at Ed ¼ 1.3 V vs Ag/AgCl, td ¼ 300 s in 0.2 mol L1 acetate buffer at pH 4.5.
Standard deviation displayed within the brackets.
First linear region Second linear region
Sensitivity (mA mg1 L) 4.8 (0.1) 0.82 (0.01)
Intercept (mA) 2.62 (0.06) 7.1 (0.2)
R2 0.998 0.998
Linear Range (mg L1)a 0.12e1 1e30
LOD (mg L1) 0.04 e
a The lowest level of the linear range was established from the LOQ.
Table 2
Repeatability and reproducibility results (expressed as percent relative standard deviation) for Cd(II) determination by SWASVwith a vibrating BDD electrode at Ed¼1.3 V vs.
Ag/AgCl, td ¼ 300 s and pH 4.5.
Reproducibility (N ¼ 15)
At 1 mg L1 6.3
At 10 mg L1 4.8
Repeatability
120 s td in first linear region 5.0
120 s td in second linear region 6.9
300 s td in first linear region 1.2
300 s td in second linear region 2.9
Table 3
Summary of various boron-doped diamond-based electrodes for the determination of Cd(II).
Electrode Technique Linear range (mg L1) LOD (mg L1) Deposition time (s) Ref.
Boron-doped diamond electrode SWASV 28.1  337.2 0.44 60 [28]
Boron-doped diamond electrode SWASV 10  50 10 300 [29]
Boron-doped diamond films deposited on conductive silicon substrates DPASV 112.4  562.0 28.1 120 [30]
Boron-doped diamond thin-film electrode DPASV 10  1000a 1.0 210 [15]
Nanocrystalline boron-doped diamond electrode DPASV 1.2  25b 0.36b 60 [31]
3.2  70c 1.0c
Bismuth nanoparticle modified boron-doped diamond electrode SWASV 0.05  20 2.3 120 [32]
Antimony nanoparticle modified boron-doped diamond electrode LSASV 50  500 38.1 120 [17]
Boron-doped diamond electrode DPASV 10  100 3.5 300 [33]
Boron-doped diamond electrode LSASV 0  1124.1 10 60 [34]
Boron-doped diamond microcell DPASV 0  3.9 0.04 20 [35]
Polyphenol-polyvinyl chloride e boron-doped diamond electrode DPASV 0.0025  11.8 0.0025 20 [36]
Vibrating boron-doped diamond electrode SWASV 0.12  1.0; 1 30 0.04 300 This work
DPASV: differential pulse anodic stripping voltammetry; LSASV: linear sweep anodic stripping voltammetry; SWASV: square wave anodic stripping voltammetry.
a Denotes largest concentration measured and is not necessarily the upper limit.
b 0.01 mol L1 acetate buffer.
c 0.1 mol L1 acetate buffer.
Fig. 6. a) SWASV measurements in a river water sample in 0.2 mol L1 and pH 4.5
(dilution factor 0.5) using a vibrating BDD electrode with Ed ¼ 1.3 V and td ¼ 300 s. b)
Corresponding calibration plot according to the standard addition method.
Table 4
SWASV determination of Cd(II) in river water on a vibrating BDD electrode by the






Vibrating BDD 0.16 2.8 14.4
ICP verified value 0.14 7.2 e
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marised in Table 1. The LOD and LOQ are defined to be three and ten
times the standard deviation of the intercept over the slope and
were calculated to be 0.04 mg L1 and 0.12 mg L1, respectively.
Table 2 summarizes the repeatability and reproducibility of the5
proposed methodology, which always yields dispersions below
7.0%. These figures are especially good inside the first linear region
(the most sensitive) and using a deposition time of 300 s (repeat-
ability 1.2% and reproducibility 6.3%).
These results signify the excellent capabilities of the vibrating
BDD device for Cd(II) detection owing to the electrochemical
properties of BDD as well as the enhanced mass diffusion to the
electrode surface induced by the vibration. These features are
especially remarkable when compared to those of non-vibrating
BDD electrodes found in the literature (Table 3). Thus, compared
to those reported using BDD based electrodes, the LOD and LOQ
obtained using the vibrating BDD electrode are considerably lower
than most of those provided in the literature with the additional
advantage that the BDD surface is not modified. Moreover, the LOD
and LOQ achieved by the vibrating BDD electrode are also much
lower than those obtained bymost of the bismuth-based electrodes
and antimony based electrodes, two renowned electrodes for Cd(II)
determination [24,25].
Therefore, taking into account the excellent analytical perfor-
mance displayed by the vibrating BDD electrode coupled with the
fact that the achieved LOD is well below the Cd(II) guideline values
of the World Health Organisation (WHO) and Australian Drinking
Water Guidelines (ADWG) of 3 mg L1 and 2 mg L1, respectively, it
can be concluded that the developed vibrating BDD electrode
would be fully suitable for themonitoring of metal ions at ultra-low
concentration levels in natural samples [26,27].
3.3. Real sample measurements
The vibrating BDD electrode for the detection of Cd(II) in the
presence of other metal ions such as Pb(II) and Cu(II) was assessed
in a river water sample. The standard addition method was applied
for Cd(II) determination. Fig. 6a displays typical SWASV responses
with increasing Cd(II) concentration from bottom to top.
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showing good linearity over the concentration range. Table 4
summarizes the concentration data for Cd(II) determination ob-
tained from three replicates of the standard addition method.
Considering the low Cd(II) concentration, a relatively good agree-
ment was obtained between the ICP verified Cd(II) concentration
and that obtained with the vibrating BDD electrode. Additionally,
determination of the relative error using the lower limit (one
standard deviation below) of the vibrating BDD Cd(II) concentra-
tion and the upper limit (one standard deviation above) of the ICP
verified Cd(II) concentration yields 3.9%. It should be mentioned
that this river water sample also contains other metal ions such as
lead (0.6 mg L1) and copper (4 mg L1), which do not seem to
interfere in the SWASV determination of Cd(II) using the vibrating
BDD electrode. Thus, these results indicate that the vibrating BDD
electrode is suitable for voltammetric measurement of very low
Cd(II) concentrations in natural samples.
4. Conclusions
In this paper, a vibrating BDD device and an electroanalytical
method were developed for the analysis of ultralow concentrations
of Cd(II). The main conclusions based on the results are the
following:
 The vibration enhanced the mass transfer on the BDD electrode
surface. The current density of the reduction reaction of Ru3þ
(hexaamineruthenium(III) chloride) at 1 V increased from
95 mA cm2 to 183 mA cm2 with 0 Hz and 133 Hz, respectively,
equal to 92.6% increase.
 The metal deposition was enhanced during the cathodic step of
the ASV. The peak current was increased by a factor of 5.3 and
4.7 for 10 and 30 mg L1 Cd(II) concentrations, respectively,
when a frequency of 200 Hz was used instead of static mode.
 A calibration plot with two linear regions was resolved between
0.01e1 mg L1 and 1e30 mg L1. The LOD and LOQ were calcu-
lated to be 0.04 mg L1 and 0.12 mg L1, respectively. The
repeatability was 1.2% and reproducibility 6.3%.
 The device and the analytical method with standard additions
were tested for the Cd(II) analysis of river water and compared
with ICP analysis results. The Cd(II) concentrations were
0.16 mg L1 and 0.14 mg L1 according to ASV and ICP method,
respectively, demonstrating the applicability of the device and
method for the analysis of real environmental samples.
The vibrating BDD device studied in this paper has several
benefits over the other analytical devices and methods applied or
proposed for heavy metals. The small size of the device has benefits
in on-site or online analysis while chemical stability of the BDD
enables in-situ cleaning of the electrode with acid or electro-
chemical methods. The excellent analytical performance achieved
with the device without surface modification or replacement of the
electrode surface further points towards the applications in on-site
or online monitoring of water quality.
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